Introduction
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TC-DD) is one of the most toxic compounds known. TCDD and other chlorinated dibenzodioxins have been associated with occupational chloracne in workers engaged in the manufacture of technical chlorophenols and their derivatives such as the herbicide 2,4, 5-trichlorophenoxyacetic acid (2,4,5-T) (1), in lethal liver necrosis in rabbits (2) , and in the chick edema disease (3) . More recently TCDD has been shown to be highly teratogenic (4) .
Laboratory studies have found TCDD to cause severe atrophy of the thymus at sublethal dose levels (5, 6) . Because the thymus is the central lymphoid organ for cellmediated immunity and other environmental chemicals have produced immunosuppression (7) , studies to test the immune response in TCDD-treated laboratory animals were conducted. Methods selected to assess cell-mediated immunity were delayed type hypersensitivity to tuberculin in guinea pigs and rats, and a local graft versus host reaction in mice. The effect of TCDD on the humoral immunity was also studied in guinea pigs. 
Materials and Methods
Studies on the Effects of TCDD on Humoral and Cell-Mediated Immunity in Guinea Pigs
In each of two experiments, groups of 10 female Hartley strain guinea pigs received 8 weekly doses of 0, 0.008, 0.04, 0.2, or 1.0 MAg TCDD/kg body weight. The TCDD in an acetone-corn oil mixture was administered orally in a volume of 1 ml/kg body weight. The animals (mean weight 256 g, ranging between 208 and 301) were housed in groups of five and allowed free access to food and water. Body weights were determined weekly. The guinea pigs were killed with carbon dioxide gas. Heart blood was used for determination of total leukocyte (using a Coulter Counter, Model B) and differential leukocyte counts. The pathologic effects of TCDD, except for the effects on lymphoid organs and skin (second experiment) are reported elsewhere (6, 8, 9) .
In one experiment, the effect of TCDD on humoral immunity was determined by measuring guinea pig response to a subcutaneous injection of tetanus toxoid. The purogenated toxoid (Lederle Laboratories, Pearl River, New York) was administered in a volume of 0.1 ml into the right hind foot pad at day 28 (1 Lf. tetanus toxoid, aluminum phosphate-adsorbed) and again at day 42 (1 Lf. tetanus toxoid, unadsorbed). Blood was collected (10) on days 35 and 49, and from the heart at the end of the experiment. The serum tetanus-antitoxin concentrations were determined by using a modified single radial immunodiffusion technique (11) ; the agar contained appropriate dilutions of tetanus toxoid and the serum (10 ,ul) was allowed to diffuse from the well.
The effect of TCDD on cell-mediated immunity was studied in a second experiment by measuring the delayed-type hypersensitivity to tuberculin. Guinea pigs were sensitized by a subcutaneous injection (0.05 ml) of an oil suspension containing killed Mycobacterium tuberculosis H,7Ra (complete H37 Ra adjuvant) (Difco Laboratories, Detroit, Michigan) in the hind foot pad at day 35. The delayed hypersensitivity was tested by intradermal tuberculin injections [1.25 ,ug tuberculin PPD (Parke-Davis, Detroit, Michigan) in 0.1 ml diluent] on days 47 and 54. The diameter (mm) of the skin reactions was determined 24 and 48 hr after the tuberculinations. In addition, the thickness of the reaction was determined by measuring the thiclkness of the tuberculin reaction and of the normal skin. Subtraction of the latter from the former value gave the thickness of the tuberculin reaction. To evaluate a possible indirect immunosuppressive effect by adrenocortical hyperfunction, pooled serum samples were analyzed for cortisol and corticosteron levels by using the double isotope derivative method (12) (New England Nuclear, Boston, Massachusetts). TCDD Effect on Cell-Mediated Immunity in Rats Groups of 10 random bred female albino rats (CD stock, mean weight 185 g, ranging from 165 to 201) were given oral doses, weekly for 6 weeks, of 0, 0.2, 1.0, or 5.0 ug TCDD/ kg body weight. A skin test, similar to that in guinea pigs, was performed by injecting 0.05 ml oil suspension of killed Mycobacterium tuberculosis in the right hind foot pad at day 28 and by injecting 5 jug tuberculin PPD in 0.1 ml diluent into the skin of the .ihaved flank at day 42. The diameter and thickness of the reactions were measured after 24 and 48 hr. Half of the animals of each group were euthanatized and necropsied at day 45. The weight of lymphoid organs and adrenals was determined as were total and differential leukocyte counts. Tissues, including the skin at the site of the tuberculin injection, were processed for histology. Liver pathology is published elsewhere (8 trol comparisons, usually two-sided, except for skin reaction variables (one-sided). In addition, a nonparametric test (Jonckheere's test) (14) was used to test for monotonic dose-response relationships. In the case of organ weights, only the organ/body-weight ratios were tested.
Results

Experiments with Guinea Pigs
All guinea pigs treated with TCDD at the 1 pAg/kg level died or were killed when moribund between 24 and 32 days (mean 28 days). They showed severe weight loss (6), lymphopenia (9) , and depletion of the lymphoid organs, especially the thymus (8) . Microscopically (Figs. 1 and 2), there was a severe atrophy of the thymic cortex with considerable destruction of lymphocytes, the nuclear debris being engulfed by macrophages ("starry sky"). Large cystic Hassall bodies, filled with polymorphonuclear leukocytes, were seen in the medulla.
All animals at the 0, 0.008, 0.04, and 0.2 ,pg/kg levels survived in both experiments.
Body weights, organ weights and leukocyte counts are given in Tables 1 and 2 The diameter and thickness of the skin reactions, measured 24 and 48 hr after tuberculination are given in Table 4 . The diameter of the skin reactions in the 0.04 jug/kg group were significantly reduced when measured 48 hr after the first, and 24 and 48 hr after the second intradermal tuberculin injection. At the 0.2 jug/kg level, all values (diameter and thickness skin reaction) were significantly decreased. The dose response test showed also a highly significant decrease of all data. Microscopically (Fig. 3a, 3b) , there was less cellularity and less edema in the skin sections of the 0.2 jug/kg groups which explains the reduced thickness of the skin at the site of the tuberculination. The cellularity as found in the controls consisted mainly of mononuclear cells, both diffuse and around vessels, was clearly decreased in the dermis, subcutaneous adipose tissue, muscle, and connective tissue of the 0.2 ug/kg treated animals. In contrast to the former experiment, there was a significant decrease (dose-response test) in the relative weight of the popliteal lymph node of the injected right hind leg ( Table 2) . Granulomas, probably caused by the adjuvant injection, were seen in all these lymph nodes. Experiment with Rats All animals survived the experimental period. Body weights, organ weights, and leukocyte counts of the animals killed after 45 days are given in Table 5 . Body weights and absolute and relative thymus weights were significantly reduced at the 5.0 uLg/kg level. A significant increase in relative spleen weight is also seen at that dose level. The effect of TCDD on adrenal weight in the rat differed from the response in the guinea pig. 
Environmental Health Perspectives
Absolute adrenal weights decreased significantly in the rat at the 1.0 and 5.0 ,ug/kg dose levels. The dose-response test for the decrease in relative adrenal weights was highly significant. Also, the total leukocyte and lymphocyte counts in the rat differed from the response in the guinea pig. There was no lymphopenia, but some increase of both cell counts, showing a slight but not significant dose-response pattern. Microscopically, the only effect seen in the lymphoid organs and adrenals, was a slight to moderate cortical atrophy in the thymuses of the 5 yug/kg group. Also, the cellularity of the cortex was somewhat less dense. The results of the measurements of the skin reactions are given in Table 6 . Also in contrast with the guinea pig, there was no effect on the 
Experiment with Mice
One animal of the 25 pg/kg group died after 24 days. Body and thymus weights of the donor mice are given in Table 7 . There was no difference in the final body weights of controls and TCDD-treated animals due to lower initial weights of the controls, but there was a significant effect on weight gain at the 25 Jug/kg level. Absolute and relative thymus weights were signficantly reduced at the 5.0 and 25 ug/kg dose levels. Mean thymus weight in the high dose group was only 13% of the mean weight of the controls. Microscopically (Figs. 4 and 5) , there Environmental Health Perspectiveswas a nearly complete loss of the thymic cortex. The cellularity of the remaining cortex was less dense and there was destruction of lymphocytes. Spleens of the animals receiving 25 jug/kg TCDD were very small. The yield of spleen cells was too small to inject a sufficient number of recipients. As shown in Table 8 , injection of 1 x 107 viable nucleated spleen cells from the 5 jug/kg group resulted in a highly significant decreased graft versus host activity when injected into the hind foot pad of the recipients (BRD2FJ). Severe cortex atrophy is present; the cellularity in the remaining cortex is less dense making a distinction between cortex and medulla difficult at this magnification. Hematoxylin and eosin; 61 X. jug/kg donor group was 38%o lower than the control value. There was a highly significant monotonic dose-response relationship.
Discussion
As shown in Table 4 and Figure 3 , it is clear that TCDD suppressed the cell-mediated immunity in guinea pigs at the 0.2 and 0.04 ug/kg levels (measuring the delayed hypersensitivity to tuberculin). The vulnerability of the lymphopoietic system, having a high mitotic activity, is clearly demonstrated by the thymus atrophy and lymphopenia (Tables 1 and 2 , Figs. 1 and 2) . In this context, it is worth mentioning that inhibition of mitosis has been observed in dividing endosperm cells of the African blood lily when exposed to TCDD (15) . Also, there was a significant reduction in the relative weights of the stimulated popliteal lymph nodes in the skin test experiment ( Table 2) . Humoral immunity, measuring the antibody production against tetanus toxoid, was slightly depressed in the guinea pig at the 0.2 ,ug/kg level (Table 3) . There was no effect on the weights of the stimulated popliteal lymph nodes in this experiment (Table 1) .
In the second guinea pig experiment, there was no difference in serum cortisol and corticosteron concentrations between the different groups (Table 2) . Microscopically, there waws no effect on the adrenals in the 0.2 /Ag/kg groups. Therefore, it is likely that the increased relative adrenal weights (Tables 1 and 2) are only due to a decrease in body weight gain and not due to adrenocortical hyperfunction. Thus, indirect immunosuppression by stimulation of adrenocortical activity can be excluded. Besides the effect on the lymphoid system, there was only minor pathology in guinea pigs receiving a lethal dose of TCDD, i.e., mild liver injury, hyperplasia of the bladder epithelium, hemorrhages, atrophy of the zona glomerulosa of the adrenal cortex (8) and thrombocytopenia (9 (9) were sensitive indices for TCDD exposure. As in the case of the guinea pig, liver pathology was mild (8) .
In contrast to the guinea pig and mouse study, there is quite a different situation in the rat. Cell-mediated immunity (delayed hypersensitivity to tuberculin) was not suppressed (Table 6) . Possibly, this test is not sensitive enough to detect an immunosuppressive effect in rats. Also, except for thymic atrophy at sublethal dose levels, there was no lymphopenia (Table 5 ). In addition, there was a dose-related decrease in both absolute and relative adrenal weight (Table  5) , indicating an adrenal hypofunction. However, in view of the marked induction by TCDD of glucuronyl transferase in rat liver (16) , an important enzyme involved in the metabolism of corticosteroids, adrenocortical hyperfunction regulated through the hypothalamus-pituitary-adrenocortical axis would be expected. An inhibitory effect on adrenal hypertrophy, induced by surgical trauma, was seen in rats treated with PCB (unpublished data) and with p,p'-DDT; in this latter study interference with the feedback mechanism of glucocorticoid hormones homeostasis was proposed (17) .
In rats, exposed to lethal concentrations of TCDD, there was severe liver injury (degenerative and necrotic changes), thyroid pathology, hemorrhages (8) , platelet depression, increased serum bilirubin values, and increased SGOT and SGPT activities (9) . Liver damage can be considered to be the major cause of death in rats exposed to TCDD. In both guinea pigs and mice, there was only mild liver injury (8) . The most significant findings are seen in the lymphoid system. Suppression of the cell-mediated immunity might be the major cause of death in these species. To test this hypothesis, a study is indicated to determine whether lymphoid (thymus) cell grafts are capable to protect mice from dying when exposed to concentrations of TCDD that are lethal for the control mice. Also, it would be worthwhile determining whether there is a difference in lethal TCDD levels in mice kept under sterile and under conventional or SPF conditions. Experiments will be conducted to determine the effect of in utero exposure of TCDD upon the cell-mediated immune reponse of the offspring.
Summary
In two experiments, groups of 10 female guinea pigs were dosed weekly for 8 weeks with 0, 0.008, 0.04, 0.2, or 1.0 /Ag/kg TCDD/ kg body weight to test the cell-mediated and humoral immunity. All animals at the 1 Ag/kg level died or were killed when moribund, they showed severe weight loss, lymphopenia,, and atrophy of the lymphoid organs. Weight gain was depressed at the 0.2 ,g/kg level. Cell-mediated immunity was assessed by vaccination of the remaining animals with an oil suspension of killed Mycobacterium tuberculosis. Thymus atrophy and lymphopenia was observed. The diameters of the skin reactions, measured 24 and 48 hr after tuberculination, were significantly reduced at the 0.2 and 0.04 jug/kg levels. Indirect immunosuppression by stimulation of adrenocortical activity was excluded. The humoral immune system was stimulated in a second experiment by tetanus toxoid injections at days 28 and 42. Serum tetanus antitoxin concentrations were slightly depressed in the 0.2 ,ug/kg level at days 49 and 56.
A skin test, similar to that in guinea pigs, was done in rats treated weekly for 6 weeks with 0, 0.2, 1.0, and 5.0 ug TCDD/kg body weight. Animals at the 5 ,ug/kg level had significant lower body, thymus and adrenal weights. No effect was found on the skin reactions.
Cell-mediated immunity was tested in mice in a graft versus host assay. Groups of donor mice (C57B1/6) were treated weekly for 4 weeks with 0, 0.2, 1.0, 5.0, and 25 jLg TCDD/ kg body weight. Weight gain was depressed at the 25 /Ag/kg level. There was a remarkable thymic atrophy. Parental strain spleen cells (up to the 5.0 ug/kg group) were injected into the feet of hybrid recipients (C57B1/6 x DBA-2 F-1). The weights of the draining popliteal lymph node, as a parameter for the graft versus host activity, were significantly lower in the animals injected with spleen cells from the 5 jg/kg donor group.
It is concluded that TCDD at sublethal dose levels suppresses the cell-mediated immunity in both guinea pigs and mice. Humoral immunity was slightly suppressed in the guinea pig. The possible role of immune suppression in the death of TCDD-treated guinea pigs and mice is discussed in view of the absence of major pathologic effects except in the lymphoid system.
